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Abstract
Hybrid density functional calculations are used to directly calculate the principal hyperfine tensor values for 1H, 13C and
17O in two models of the tyrosyl radical, p-methylphenoxyl and p-ethylphenoxyl. Both hydrogen bonded and non-hydrogen
bonded phenoxyl radicals are studied. A comparison is made between calculated values and those obtained from
experimental EPR and ENDOR studies. Outstanding agreement between experiment and theory is observed.
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1. Introduction
Electron transfer in biology is usually associated
with metal centres or cofactors such as quinones or
flavins. Only quite recently have amino acid residues
w xbeen implicated in such a role 1,2 .
Tyrosyl radicals have been studied experimentally
w x w xin Photosystem II 3 , ribonucleotide reductase 4 ,
w x w xprostaglandin synthase 5 , galactose oxidase 6 and
w xamine oxidase 7 . Magnetic resonance techniques
 .such as Electron Paramagnetic Resonance EPR and
 .Electron Nuclear DOuble Resonance ENDOR spec-
troscopies have been the principal methods used to
investigate the electronic structure of the radicals
involved.
Abbreviations: B3LYP, Becke3 Lee Yang Parr; INDO, inter-
mediate neglect of differential overlap; EPR, electron paramag-
netic resonance; ENDOR, electron nuclear double resonance;
PM3, parameter method 3; HOMO, highest occupied molecular
orbital.
A complimentary approach is to calculate the elec-
tronic structure using high level electronic structure
methods based on semiempirical, ab initio Hartree
Fock or density functional methods. Semiempirical
methods have been used by us to calculate the geom-
w xetry of the tyrosyl radical 8 . While the geometry
prediction is excellent the direct calculation of
isotropic and anisotropic hyperfine couplings is poor
and resort must be made to indirect methods based on
spin densities combined with McConnell or Mc-
w xConnell Strathdee methods 8 . Good agreement can
be observed for the 1H isotropic couplings by use of
the INDO method providing a suitable geometry is
w x 17 13used 9 . The O and C values are poorly predicted
however. The more rigorous ab initio Hartree Fock
based methods are particularly poor at dealing with
w xfree radical properties 9,10 . Density functional
methods have been shown to give impressive results
for a wide range of molecular properties and prelimi-
nary results have indicated that free radical properties
can be predicted to high accuracy using hybrid den-
w xsity functional methods 10–12 . For these reasons
0005-2728r97r$17.00 Copyright q 1997 Elsevier Science B.V. All rights reserved.
 .PII S0005-2728 97 00013-3
( )P.J. O’Malley, D. EllsonrBiochimica et Biophysica Acta 1320 1997 65–7266
our calculations on the tyrosyl radical have concen-
trated on such hybrid methods.
Free radicals are best characterised by their hyper-
fine structure due to the magnetic interaction of the
unpaired electron spin density with the nuclear mag-
netic moments. The EPR powder pattern is usually
too broad to allow resolution of hyperfine terms. This
can be overcome by resort to ENDOR methods which
have been successfully used to obtain proton hyper-
fine tensors for the tyrosyl radical in a number of
w x 13species 3,4 . Recently isotopic enrichment with C
combined with EPR spectral simulation has been
used to obtain 13C hyperfine tensor information for
w xthe tyrosyl radical 13 .
For calculation purposes the 3=3 hyperfine inter-
action tensor can be separated into its isotropic
 .  .spherically symmetric and anisotropic dipolar
components. To first order isotropic hyperfine inter-
 .actions, A N are related to the spin densities,iso
s .r r , at the corresponding nuclei by:N
A N s 8pr3 g g b b r s r .  .  .i so e N N e N
The anisotropic components are derived from the
classical expression of interacting dipoles:
ayb < y5 2A N sg g b b P w r r d . i j e N N e mn m k N k N i j
< :y3r r w/k Ni k Nj n
The isotropic component can be obtained form the
Fermi contact analysis given by most modern elec-
tronic structure programmes. The anisotropic compo-
nents can be obtained from the spin only electric field
gradient tensors. Experimentally in the solid state the
total tensor, i.e., isotropic plus anisotropic is ob-
served. For the tyrosyl radical powder ENDOR stud-
ies have been used to obtain the hydrogen total
principal hyperfine tensor values from the turning
w x 13points in the ENDOR spectral envelope 3,4 . For C
and 17O, EPR studies combined with isotopic enrich-
w xment have been used 4,13 .
2. Methods
All calculations were performed with the elec-
tronic structure program Gaussian 94. The hybrid
functional B3LYP was used combined with the EPR-
Fig. 1. Structure, numbering scheme and optimised bond dis-
˚
y10 .tances, in Angstroms 10 m , for the methylphenoxyl radical
and its hydrogen bonded complex with methylimidazole.
w xIII basis set 10 . The geometry of the radicals was
first optimised at the PM3 level.
The methyl phenoxyl radical was used as a model
 .of the tyrosyl radical Fig. 1 . Extension of the model
to the ethyl phenoxyl structure produced no change in
the ring hyperfine couplings confirming that exten-
sion beyond a methyl group produces no change in
the hyperfine coupling constants. As such the meth-
ylphenoxyl radical is an ideal, computationally effi-
cient, model for the tyrosyl radical. A hydrogen
bonded complex of this radical with an imadazole
ring was used to model the effect of hydrogen bond-
 .ing Fig. 1 . In Photosystem II a histidine residue is
believed to hydrogen bond to the Y tyrosyl radicalD
and hence this model is a particularly good simula-
tion of the environment of Y in Photosystem II. TheD
optimised bond distances are also shown in Fig. 1.
 .All hyperfine couplings are given in gauss G ; 1
Gs0.1 mT.
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3. Results and discussion
Table 1, Tables 2 and 3 gives the calculated
hyperfine coupling constants for the non-hydrogen
bonded and hydrogen bonded phenoxyl radical and
compares them with those obtained from EPR and
ENDOR measurements.
Significant changes are predicted to occur in going
from a non-hydrogen bonded to a hydrogen bonded
radical. In general a reduction in the hyperfine cou-
pling values is noted on going to the hydrogen bonded
situation. The largest change occurs for the C4 posi-
tion. The experimental data are clearly in excellent
agreement with the calculated couplings for the hy-
13  . 17drogen bonded complex. For C Table 1 and O
 .Table 3 couplings the agreement is outstanding.
Any major disagreement that occurs lies in the smaller
components of the coupling tensors. Experimentally
these have been obtained via spectral simulations
w x4,13 which will be mainly influenced by the largest
Table 1
w13 x  .C Hyperfine coupling constants G for the p-methylphenoxyl radical and the hydrogen bonded complex of Fig. 1
a .  .  .p-Methylphenoxyl calculated H-Bond complex calculated Tyrosyl experimental
isotropic anisotropic total isotropic anisotropic total isotropic total
T A T A A11 11 11 11 11
T A T A A22 22 22 22 22
T A T A A33 33 33 33 33
C1 12.7 y11.8 0.9 12.2 y11.8 0.3 10.0 y2.0
y11.2 1.4 y11.3 0.8 y2.0
23.0 35.6 23.2 35.4 34.0
C2 y9.2 y6.3 y15.6 y8.2 y4.6 y12.8 y8.5 y10.5
2.8 y6.4 2.0 y6.2 y8.5
3.5 y5.7 2.6 y5.6 y6.5
C3 8.0 y8.3 y0.3 6.3 y7.2 y0.9 3.0 y5.0
y7.9 0.1 y6.7 y0.4 y5.0
16.1 24.1 14.0 20.4 19.0
C4 y12.1 y3.4 y15.5 y8.8 y1.7 y10.5 y8.9 y10.0
0.6 y11.5 0.0 y8.8 y9.8
2.8 y9.3 1.8 y7.0 y6.8
C5 8.0 y8.3 y0.3 6.5 y7.3 y0.7 3.0 y5.0
y7.9 0.1 y6.8 y0.3 y5.0
16.1 24.1 14.0 20.6 19.0
C6 y9.2 y6.3 y15.6 y8.4 y5.2 y13.6 y8.5 y10.5
2.8 y6.4 2..3 y6.1 y8.5
3.5 y5.7 2.9 y5.5 y6.5
C7 y5.1 y0.6 y5.6 y5.0 y0.7 y5.7 NrD NrD
0.2 y5.0 0.0 y5.1
0.4 y4.7 0.7 y4.3
C9 NrA NrA NrA 0.0 y0.1 y0.1 NrD NrD
0.0 0.0
0.1 0.1
C11 NrA NrA NrA 0.0 0.0 y0.1 NrD NrD
0.0 y0.1
0.1 0.0
C12 NrA NrA NrA 0.0 y0.1 y0.1 NrD NrD
y0.1 y0.1
0.1 0.1
C13 NrA NrA NrA 0.0 y0.1 y0.1 NrD NrD
y0.1 y0.1
0.1 0.1
a w x13 , NrA, not applicable; NrD, not determined.
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tensor component. The smaller ones are naturally less
accurately determined by such methods. The isotropic
w xvalues reported in 13 for the 3 and 5 carbon posi-
tions are likely to be in error due to incorrect estima-
tion of the smaller tensor components. The theoreti-
cally predicted isotropic coupling for these positions
Table 2
w1 x  .H hyperfine coupling constants G for the p-methylphenoxyl radical and the hydrogen bonded complex
a,b .  .  .p-Methylphenoxyl calculated H-Bond complex calculated Tyrosyl experimental
isotropic anisotropic total isotropic anisotropic total isotropic total
T A T A A11 11 11 11 11
T A T A A22 22 22 22 22
T A T A A33 33 33 33 33
H2 2.8 y1.1 1.7 2.0 y1.1 1.2 1.6 y
y0.3 2.5 y0.1 1.9 1.6
1.4 4.1 1.2 3.2 2.6
H3 y7.4 y3.5 y10.9 y6.6 y3.2 y9.8 y6.6 y9.8
y0.8 y8.2 y0.8 y7.3 y6.9
4.3 y3.2 4.0 y2.5 y2.9
H5 y7.4 y3.5 y10.9 y6.7 y3.2 y9.9 y6.6 y9.1
y0.8 y8.2 y0.8 y7.5 y7.3
4.3 y3.2 4.0 y2.6 y2.9
H6 2.8 y1.1 1.7 2.3 y1.1 1.2 1.6 y
y0.3 2.5 y0.2 2.1 1.6
1.4 4.1 1.2 3.5 2.6
H7a 25.9 y1.0 24.9 29.6 y1.1 28.4 NrD NrD
y0.4 25.5 y0.4 29.1
1.4 27.4 1.6 31.2
H7b 6.5 y0.7 5.7 9.7 y0.9 8.9 NrD NrD
y0.6 5.9 y0.5 9.2
1.3 7.8 1.4 11.1
H7c 6.5 y0.7 5.7 5.0 y0.8 4.2 NrD NrD
y0.6 5.9 y0.5 4.5
1.3 7.8 1.3 6.4
H8 NrA NrA NrA 0.0 y1.5 y1.4 y y1.1
y1.2 y1.2 y1.1
2.7 2.8 y
H9 NrA NrA NrA 0.0 y0.2 y0.2 NrD NrD
0.2 y0.2
0.4 0.4
H10 NrA NrA NrA 0.0 y0.1 y0.1 NrD NrD
y0.1 y0.1
0.1 0.1
H11 NrA NrA NrA 0.0 y0.1 y0.1 NrD NrD
y0.1 y0.1
0.1 0.1
H13a NrA NrA NrA 0.0 y0.1 y0.1 NrD NrD
y0.1 y0.1
0.3 0.3
H13b NrA NrA NrA 0.0 y0.2 y0.2 NrD NrD
y0.2 0.2
0.4 0.4
H13c NrA NrA NrA 0.0 0.0 y0.1 NrD NrD
0.0 y0.1
0.1 0.0
a w x b w x3 , 18 . NrA, not applicable; NrD, not determined.
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Table 3
17 14  .O and N hyperfine coupling constants G for the p-methylphenoxyl radical and the hydrogen bonded complex
a .  .  .p-Methylphenoxyl calculated H-Bond complex calculated Tyrosyl experimental
isotropic anisotropic total isotropic anisotropic total isotropic total
T A T A A11 11 11 11 11
T A T A A22 22 22 22 22
T A T A A33 33 33 33 33
O y9.1 20.3 11.2 y9.1 17.2 8.1 y10.2 4.4
20.2 11.1 17.0 7.8 4.4
y40.4 y49.5 y34.2 y43.4 y39.5
N8 NrA NrA NrA y0.3 0.0 y0.4 NrD NrD
0.0 y0.4
0.0 y0.3
N10 NrA NrA NrA 0.0 0.0 0.0 NrD NrD
0.0 0.0
0.0 0.0
a w x4 , NrA, not applicable; NrD, not determined.
is in good agreement with the value of 8.1 G reported
w xfor phenoxyl radicals in solution 14 . Taking these
considerations into account, the agreement between
experiment and theoretical calculation is very impres-
sive.
The ring proton tensors have been determined
quite accurately using powder ENDOR methods. The
3,5 protons are particularly well characterised. They
do not show great variation from species to species.
In some cases where the radical is not locked in to a
rigid hydrogen bond an average value is observed for
w xthe two slightly inequivalent protons 4 . The agree-
ment between the calculated values for the hydrogen
bonded complex and experimentally determined val-
 .ues is again impressive Table 2 .
For the 2,6 protons only two principal values can
be reliably detected from powder ENDOR spec-
w xtroscopy 3,4 . As Table 2 shows the agreement
between theoretical calculation and experiment is
good although not as impressive as for the 3,5 pro-
tons. We believe that the principal cause for disagree-
ment here may lie in the overestimation of the
 .isotropic contact term for these protons. They are
attached to a carbon atom which is at a nodal alpha
 .HOMO position Fig. 2 . The contact interaction
therefore arises due to a complex network of spin
polarisation traversing a number of bonds. This is
likely to be difficult to model with high accuracy.
The H7 protons receive spin density via hypercon-
jugation and vary depending on the extent of overlap
with the alpha HOMO situated on the ring system,
Fig. 2 and Fig. 3. The extent of this overlap, and
hence the ensuing isotropic hyperfine coupling de-
 .pends on the C6-C1-C7-C8 dihedral angle f , Fig.
Fig. 2. Alpha highest occupied molecular orbital for the ethylphe-
noxyl radical. The orientation of the radical is as shown in Fig. 3.
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Fig. 3. Schematic representation of the dihedral angle C8, C7,
 .C1, C6 f . Principal hyperfine coupling values for f equal to
438 and 668 are given for comparison with experimental determi-
nations in RNR and TYR.HCl. In many of the previous EPR
based studies the ‘dihedral’ angle between the methylene protons,
H7a, H7b and the ‘p ’ orbital on C1 have been used. Such anglesz
cannot be determined from the X-ray crystal structure studies
directly. Assuming a perfectly tetrahedral structure around C7
they can be derived from the f value. For fs438 the derived
methylene proton angles are 138 and 1078, whereas for fs668,
the methylene proton values are derived as 368 and 848.
3. A variety of hyperfine couplings and hence dihe-
dral angles are observed for the tyrosyl free radical in
w xdifferent species 3,4 leading to a variety of powder
EPR lineshapes. The participation of these protons in
the alpha HOMO for the ethyl phenoxyl radical is
clearly shown in Fig. 2. For f values of 08 and 908
both hydrogens contribute equally to the alpha
HOMO. For dihedral angles of 308 we expect maxi-
mum participation from one of the hydrogens maxi-
.mum overlap with alpha HOMO and for dihedral
angles of 608 we expect minimum contribution from
one of the hydrogens in plane of ring, no participa-
.tion in ring alpha HOMO is possible . Previous stud-
ies have estimated unpaired spin densities at the C1
carbon atom and used a McConnell type relation
combined with a dependance on dihedral angle to
w xexplain such couplings 3,4 . While such procedures
have been useful in explaining qualitatively the hy-
perfine couplings of such protons there is always the
uncertainty of the unpaired spin density value as well
as the McConnell type constant to use. The confusion
which can naturally arise form such approximations
is well demonstrated in the recent discussion of these
w xcouplings in 4 . With our current method we are
however able to predict directly the hyperfine cou-
pling for such protons as a function of dihedral angle
without the need to invoke empirical parameters. Fig.
4 shows a plot of the dependence of the total hyper-
fine couplings for these protons as a function of the
above dihedral angle value. Equal hyperfine coupling
values for both protons at 08 and 908, maximum
 .Fig. 4. Plot of dihedral angle f , see Fig. 3, as a function of the calculated principal hyperfine coupling values of the beta protons H7a
 .  .top and H7b bottom .
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coupling at 308 and minimum coupling at 608 are
obtained. To test the quantitative accuracy of hybrid
density functional calculations for such couplings we
have chosen two tyrosyl radicals where the hyperfine
coupling and the dihedral angle value are known
experimentally. These correspond to the tyrosyl radi-
cal present in tyrosine hydrochloride single crystals
 .TyrPHCl and the tyrosyl radical present in RNR.
For the TyrPHCl radical single crystal structure de-
w xtermination gives a f angle value of 668 15 .
w xFassenella and Gordy 16 recorded a value of 14.0"
0.5 G for the larger proton isotropic coupling. This is
in excellent agreement with the 13 G value obtained
from our calculations for this dihedral angle value,
see Fig. 3. For the RNR radical, the X-ray crystal
w xstructure of the diamagnetic protein 17 gives a value
of 438 for f. For this dihedral angle value our
 .calculated couplings Fig. 3 are 21.6, 19.8 and 19.2
G for the larger proton coupling. The experimentally
determined values obtained using powder ENDOR
w xare 21.8, 19.2 and 19.2 G 4 . In this experimental
w xstudy 4 assignments were also made to the smaller
proton couplings. These assignments are extremely
difficult to assign experimentally due to the con-
gested nature of small proton couplings. The assign-
w xments made in 4 for these smaller coupling values
should be reinvestigated in light of the values given
in Fig. 3. Clearly where accurate, unambiguous, ex-
perimental data is available the agreement between
theory and experiment is outstanding. The plot shown
in Fig. 4 can be justifiably used to determine the
dihedral angle value where only the beta proton
hyperfine coupling data is available. This is clearly
the case for the tyrosyl, Y , radical present in Photo-D
system II. Here the principal hyperfine coupling val-
ues of the larger proton coupling have been accu-
rately determined to be 9.8, 9.1 and 9.1 G for spinach
w x3 . From Fig. 4 these correspond to a f value of
758.
Hydrogen bonding of Y , one of the tyrosyl radi-D
cals present in Photosystem II, to a nearby histidine
residue has also been proposed and a hydrogen bond
has been detected using powder ENDOR spec-
w xtroscopy 18 . Only the axial component of the tensor
has been observed at 1.1G. As seen from Table 2 this
is again excellently predicted by theory. Significant
hyperfine coupling is also predictd to ocur at the N8
 .atom of the imadazole ring Table 3 which should be
detectable experimentally in the Y Photosystem IID
radical.
It is clear therefore that the principal hyperfine
tensor values for the tyrosyl radical in vivo can be
quantitatively predicted from first principles using
hybrid density functional methods. Combined with
w xprevious successes for such methods 11,12 they are
clearly poised to contribute significantly to our un-
derstanding of hyperfine interactions for free radicals
and to become an invaluable aid in the assignment of
EPR and ENDOR spectral features. The availability
of an accurate wavefunction for the unpaired electron
should also contribute to a more thorough and funda-
mental understanding of electron transfer in biologi-
cal systems.
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